Although the precise microscopic knowledge of van der Waals interactions is crucial for understanding bonding in weakly bonded layered compounds, very little quantitative information on the strength of interlayer interaction in these materials is available, either from experiments or simulations. Here, using many-body perturbation and advanced density-functional theory techniques, we calculate the interlayer binding and exfoliation energies for a large number of layered compounds and show that, independent of the electronic structure of the material, the energies for most systems are around 20 meV/Å 2 . This universality explains the successful exfoliation of a wide class of layered materials to produce two-dimensional systems, and furthers our understanding the properties of layered compounds in general.
(LDA), the semi-empirical method by Grimme [36] (PBE-D) as well as the NLCF methods by Dion et al. [15] (vdW-DF1), Lee et al. [16] (vdW-DF2) and Vydrov and van Voorhis [17] (VV10). We compared the calculated interlayer binding energies to the more sophisticated many-body treatment of RPA for a subset of layered compounds, and studied how well the different DFT-based approaches reproduce the reported vdW bond lengths, the only experimental data pertaining to the vdW interaction that is available for all compounds.
The conclusion is that all NLCF methods reproduce the RPA trends of E B sufficiently well to be useful for predicting interlayer binding energies, whereas two other popular choices for treating vdW interactions, LDA and PBE-D, do not [37] . In fact, any of the NLCF type of functionals can be rescaled by its average deviation from the calculated RPA values to yield an estimate of the RPA energy, limited primarily by the inaccuracies in equilibrium bond lengths. In particular, we find that the VV10 [17] functional is highly successful, both for producing accurate geometries and following the E B trends of RPA very closely, so that an accurate estimate of the RPA binding energy can be obtained by simply rescaling the VV10 results by a factor of 0.66, and we will henceforth refer to this as the NLCF estimate of the binding energy. It should be noted that this estimate is purely based on the empirical observation of the trends for the 28 compounds investigated by RPA. This is illustrated in Figure 1 , where a representative set of the calculations are shown, first as a demonstration of the effect of the rescaling in panel (c), and then by a comparison of a set of different functionals in terms of their relative deviations from RPA in panel (d) . We also point out that RPA is superior to all other methods at reproducing the experimental vdW interplanar bond lengths, with a maximal deviation of 4%, thus further demonstrating the high accuracy of RPA for vdW bonding in layered compounds. The full data set used for the functional comparison is available in the Supplementary material, Sections II and IV.
The smaller set of E B calculated using RPA and the full set estimated by rescaling of the VV10 data, are shown in Figure 2 . The peak of the distribution is around 13-21 meV/Å 2 (taken as one standard deviation around the average of the distribution), with a slightly more significant tail towards lower than towards higher binding energies. This region contains, among other compounds, graphite and BN, and also most of the MX 2 compounds. There are outliers in the distribution at slightly higher binding energies, consisting primarily of the Co family ditellurides and NiTe 2 and PdTe 2 . These compounds have significant binding energies ( 
15-25 meV/Å
2 ) even when calculated using a regular generalized-gradient approximation (GGA) functional, which normally produces little or no binding for vdW-bonded systems.
This indicates that, although there are contributions also from covalent interactions captured by the GGA type functional, in a few cases, the size of the vdW component of the binding remains the same. We have not been able to find correlations of E B to any other quantity in the present set of compounds. The quantities scanned for such correlations were the interlayer distances, intralayer thicknesses and band-gap/metallicity as well as properties of the constituent atoms such as the atomic weights and polarizabilities. Nor can we find any reason such as simple band filling arguments that would give any correlation to the binding energies. We conclude that the strength of the vdW bonds in layered solids is a universal quantity. Such a universality is in line with observations by Coleman et al. [3, 4] , based on the experimental data on chemical exfoliation of a large set of MX 2 and Bi 2 Te 3 compounds.
Detailed information on the binding energies for specific compounds is tabulated in the Supplementary Material, Section IV.
The statement of universality of the vdW component of the binding energy of layered compounds raises the question whether our initial selection criteria might have been biased in such a way that we only find compounds with a vdW component of the binding energy in this range. Within a given selection it is of course never possible to validate the selection itself, but we nevertheless gain confidence by the lack of correlation to any conspicuous quantity within our selection. It is hard to see how one could arrive at some group of compounds with different binding properties in such a way that it does not constitute a variation of some the properties to which we have found no correlation within our data set.
In view of the known qualitative differences between metals and semiconductors for large separations [38] , the observed universality seems counterintuitive, but can be understood through simple arguments. The binding energy is determined by the balance of the repulsive and attractive parts of the interaction near the equilibrium geometry, and these quantities depend on the electron density profile. The repulsive part stems from the exchange interactions and can be estimated well based on the electronic density alone [39] .
Similar considerations apply to the attractive vdW interactions, described e.g. by Zaremba
and Kohn [40] , who derived a form for the high frequency -long wavelength limit of the density response of a surface in terms of the density profile, and were also among the arguments leading up to the original formulation of the NLCF method [41] . As the density profiles of different vacuum interfaces show similar exponential decays, we can understand why the vdW component of the binding is constant and larger variations come from covalent bonding.
Taking into account the recent interest in layered MX 2 systems [3, 4] we present in Fig. 3 E B for all layered forms of MX 2 compounds, which are found in the early and late transition metal d series. We have also filled out some gaps among the experimentally reported structures by calculations for hypothetical layered structures of CrTe 2 , TcSe 2 , TcTe 2 , ReTe 2 , NiS 2
and NiSe 2 . The crystallographic parameters for these compounds are reported in the Supplementary Material, Section III. Our findings are shown in Figure 3 , illustrating the variation of E B as we move across the transition metal series, and by the respective chalcogen species.
Most energies fall in the region E B =15-20 meV/Å 2 and, as a rule, the factor that most strongly determines the binding energy appears to be the transition metal species, while the dependency on the chalcogen species is weaker. Exceptions to these rules are found among the Cr compounds and the Co and Ni family tellurides, which, as previously discussed, have large covalent and electrostatic contributions to the binding energies. Inasmuch as the atomic polarizabilities vary smoothly as function of the transition metal or chalcogen species [42] , the lack of persistent trends in Figure 3 is important. This demonstrates the importance of a correct description of the electronic states, incorporating collective effects such as the band formation, to capture trends in the binding energies.
The interlayer binding energy is closely related to the exfoliation energy, E XF , the cost of removing a single layer from the surface of the bulk compound. It is expected that
, where E surf is the surface energy, and this point is further explained neighbour, but also other layers. However, the difference between E B and E XF is small, no more than 4%, primarily due to surface relaxation effects, as our calculations for graphene, BN, and all hexagonal, non-magnetic MX 2 compounds indicate. Thus, the exfoliation energy can be assumed to be equal to the interlayer binding energy in all layered materials, so that our accurate theoretical results for interlayer binding energies are not only important for understanding the properties of bulk layered compounds and inorganic multi-walled nanotubes [43] , but should also be useful in the optimization of the exfoliation process.
In conclusion, using advanced calculation techniques we have shown that the interlayer binding energies of weakly bonded layered compounds are found in a small energy interval of XF , the asymptote of the respective curve as n is taken to infinity. The energy is estimated from NLCF I. METHODS
A. Compound selection
We wish to identify layered compounds with interlayer bonding dominated by van der Waals (vdW) interactions and for computational reasons we wish these to have as high symmetry as possible. We selected the compounds in the study by successive filtering of all the compounds in the Inorganic Crystal Structure Database (ICSD). The strategy is to identify large deviations from the expected behaviour of covalently, ionically or metallically bonded solids, and a primary tool is the set of covalent radii of the compounds. We choose to simplify the problem by restricting the search to layered compounds where the layers are perpendicular to the crystallographic c axis, since the compounds we are interested in have a unique crystallographic axis and high in-plane symmetry perpendicular to this axis, and such compounds are conventionally chosen to have the c axis as the unique axis. Compounds that do not conform to this symmetry criterion are discarded. In a second coarse step, we filter out compounds based on the packing ratio, defined as the covalent volume divided by the total cell volume. This filters out systems such as close-packed metallic systems and very open molecular solids. In the third step we identify large gaps in along the crystallographic c axis, indicating that there may be layers bonded primarily by vdW forces. In the fourth and last step we select only those structures with a gap such that the distance between neighbouring atoms across the gap is significantly larger than the sum of their covalent radii. Several different sets of covalent radii were tested and the precise choice was found not to be important for the identification of the very overstretched bonds of primarily vdW bonded solids.
For computational reasons we also need to remove all non-stoichiometric compounds and compounds with overly large unit cells. We also remove any compound containing felectron elements, since for the present purposes we wish to avoid all additional complications arising from the strong-correlation physics involved in these compounds. The study of binding energies also includes any of the layered transition metal dichalcogenides, also those previously discarded by the symmetry criteria.
B. Electronic structure calculations
We used the projector-augmented wave (PAW) potentials from the library distributed with the VASP code [1] . The plane wave cutoff was initially selected as 1.5 times the default cutoff, which was subsequently increased in individual cases if there were apparent convergence problems. The convergence was also more carefully tested for a small subset of compounds. Compounds containing elements in the 3d series from Cr to Ni were calculated in the ferromagnetic mode. Brillouin zone integrations were performed using the Gaussian smearing method with a smearing width of 0.1eV, using a uniform Monkhorst-Pack k-point mesh with the number of points selected to give a distance of 0.2Å −1 between the mesh points for non-magnetic calculations and 0.15Å −1 for magnetic calculations.
The RPA correlation energy was calculated using the adiabatic connection-fluctuation dissipation theorem. We used the standard VASP implementation [2] , where the densityresponse function is represented in the plane-wave basis. The size of the basis is characterized by the energy cut-off, which has a strong influence on the correlation energy. In particular,
Harl and Kresse have suggested that the correlation energy converges as
where A is a constant and q is the cut-off wavenumber that can be related to the cut-off energy through the relation E cut−off = q 2 /2. However, it can be shown [3] that Eq. 1 can be extended to
where A, B and C are constants. However, we find numerically that when the energy differences involved in the vdW binding energies are calculated, the terms containing q
and q −6 vanish. Then, for energy differences the following relation holds
where α and β are constants. In practical calculations, we have calculated RPA correlation energies using different cut-off energies and have used them for fitting of Equation 3. This procedure allowed us to obtain accurate estimates of the complete basis limit with cut-off energies as low as 100-150 eV, which are significantly lower than those previously used in
Refs. 2 and 3. Translated into computational effort, this procedure allows us to obtain the binding energies cheaper by an order of magnitude without sacrificing the accuracy.
The total RPA energy was evaluated as a sum of the correlation energy and the total energy from a non-self-consistent exact exchange calculation. In both cases, PBE orbitals were used.
All systems were studied at their experimental in-plane lattice constant, but at the equilibrium interlayer spacing for the different methods, with the exception of the hypothetical compounds presented in Section III, where the in-plane lattice constant was relaxed using the VV10 functional. The input structure to the electronic structure program was generated by stretching of the c-axis with the layers intact. The atoms were then allowed to relax to their equilibrium positions with a fixed unit cell so that the intralayer geometry was automatically relaxed, and the interlayer geometry was relaxed by hand, so as to obtain a binding energy curve as a function of the c-axis length as shown in Figure 1 (b) of the main paper. By fitting the total energy points closest to the minimum to a polynomial, we obtained values for the equilibrium length and the C 33 elastic constant. RPA calculations were done with fixed layers, only varying the interlayer distance. The effect of this approximation on the binding energy was found to be negligible, but there is a softening of the C 33 elastic constant of about 10% when the layers are relaxed. Supercells for calculation of exfoliation energies were constructed by stacking 6 layers of the compound and then adding 6 layers of vacuum. Layers were then removed one by one and the energy difference between 6 and 5+1 layers were calculated. Supercell convergence was tested with respect to the number of layers and the size of the vacuum region.
II. INVESTIGATION OF NON-LOCAL CORRELATION FUNCTIONALS
In addition to the functional listed in the main paper, we investigated the Perdew-BurkeEnzerhof (PBE) [4] GGA functional and the effect of applying the NLCF of Dion et al. 
A. Geometrical considerations
For the structural benchmarks, structures of 72 compounds were calculated using various NLCF's, and 28 compounds were calculated with RPA. Figure 1 shows the deviations from the experimental c-axis length for all NLCF and standard LDA/GGA functionals tested. Table I To get a high-quality energy benchmark, RPA calculations of binding energies were performed for 28 materials, in addition to the previously published value of graphite by Lebègue et al. [5] . The results of the comparison with the other functionals, shown in Figure 1 Table IV. functionals are in fact closer to the RPA results. However, the failure of these functionals to produce the correct van der Waals bond lengths produces anomalies for the outliers of the interlayer binding energy distribution, the Co family ditellurides and NiTe 2 and PdTe 2 , as discussed in the main paper. For this reason, we prefer to use the VV10 functional to estimate the interlayer binding energies.
III. CRYSTAL STRUCTURES OF HYPOTHETICAL COMPOUNDS
We performed relaxations of the crystal structures of layered MX 2 compounds not found in the literature. To more completely investigate the trends in binding energies, we also included NiS 2 and NiSe 2 , which experimentally are found in the pyrite structure, but which where found to be electronically stable in the layered P3m1 structure, which indicates that they might also be possible to synthesize in layered structures. The relaxed cell parameters are given below in Table II . 
IV. BINDING AND EXFOLIATION ENERGIES
Here a brief explanation of the different energies discussed in the text, we tabulate the dichalcogenide binding energies shown in Figure 3 A. Relations between different energies discussed in the paper
In the literature, four different energies are used more or less interchangeably when discussing the interlayer binding strength in layered solids. These are the interlayer binding energy, E B , the exfoliation energy, E XF , the surface energy E surf and the cleavage energy, E cleav . If we, instead of doing full calculations as in the main paper, assume only pairwise interactions between the planes, we get simple expressions that can be compared to see the relations between them. The relation between the two last quantities is simple. The cleavage energy is the energy required to cleave the material in two halves, and the surface energy is the energy required to create one unit of surface by cleavage, and so E surf = 1 2 E cleav . To see how the other quantities are related, we consider the three systems in Figure 3 and assume that we only have pairwise interactions between the planes and ignore all relaxation effects.
The interaction energies between pairs of layers are labelled ε 1 , ε 2 and ε 3 , for adjacent lay- ers, second nearest layers, third nearest layers, and so on. Ignoring all effects of relaxing the layer positions, which are expected to be small, we see that the exfoliation energy is just the sum, E XF = ε 1 + ε 2 + . . . = ∞ n=1 ε n . When stretching the crystal to determine the binding energy we break two of each bonds, but since the bonds are shared we need to divide by two to get, E B = 1 2 ∞ n=1 2ε n = E XF . The expression for the cleavage energy is E cleav = ε 1 + 2 · ε 2 + 3 · ε 3 + . . . = ∞ n=1 n · ε n . The ε interaction energies in a solid will decay more rapidly than the factor n in front of the terms, and if we account for only the first term, all three quantities are equal, and in general we have E B = E XF ≈ E cleav = 2 · E surf .
B. Dichalcogenide binding energies and exfoliation energies
We here tabulate the binding energies using RPA (Table IV) as well as the full set of binding energies for the MX 2 compounds calculated with the VV10 functional ( Table III) .
Note that the estimate used for the binding energies in the main paper is 0.66 times the binding energies as calculated with VV10. In Subsections A-G we tabulate all data calculated for the comparison of van der Waals functionals. These are the range of experimentally reported values of the c axis lengths, the calculated c axis lengths and the range of their deviations from experiments. We also give the C 33 lattice constants, the interlayer binding energies, E B and the bandgap, E g (the letter "M" marks metals). 
